Abstract: Poly(dimethyl-methyltrifluoropropyl-methylvinyl)siloxanes (PFMVS) with various contents of trifluoropropyl groups were prepared by ring-opening copolymerization of 2,4,6-trimethyl-2,4,6-tris(3,3,3-trifluoropropyl) SiNMR, gel permeation chromatography (GPC), thermogravimetric analysis (TGA), and differential scanning calorimetry (DSC) measurements. The results show that methyltrifluoropropyl-siloxane units in the copolymer can disrupt the molecular regularity and lead to noncrystalline copolymers with low glasstransition temperatures. Moreover, the onset temperatures of thermal degradation and the glass transition temperatures of polymers decrease gradually with the content of trifluoropropyl groups increasing. Then the thermal stability and solvent resistance of elastomers based on PFMVSs were measured. The data of TGA indicate that the thermal stability of fluorosilicone elastomers are less than conventional methyl vinyl silicone rubber (MVQ), but the fluorosilicone elastomers have outstanding solvent resistance. The content of the trifluoropropyl groups influences the performances of elastomer to a certain degree.
Introduction
Polysiloxanes having 3,3,3-trifluoropropyl groups bonded to the silicon atom are widely used as the important polymers by virtue of their unique properties over poly(dimethylsiloxane) (PDMS). Especially the fluorosilicone elastomers based on fluorosilicone take advantages of the properties of the fluoropolymers, which include the low-surface-tension property, oil resistance and solvent resistance [1] [2] [3] [4] . They can be widely used in many fields, such as automobile, airplane, astronavigation, petrochemical, machinery and artificial organ [5] [6] [7] [8] [9] .
Previous studies are mainly related to fluorosilicone which is prepared by poly (3,3,3-trifluoropropyl) methylsiloxane [(CH 3 )(CF 3 CH 2 CH 2 )SiO] only. Pierce etc reported the synthesis of the polymers and the application of them [6] . Cypryk etc reported a kinetic study of copolymerization of 2,4,6-tris(trifluoro-propyl)-2,4,6-trimethylcyclotrisiloxane with hexamethylcyclotrisiloxane using the BuLi/THF initiation system, and some physical properties of the resulting gradient copolymers [10] . Gadda ect reported the synthesis of tetram-ethyl-1-(3'-trifluoromethylphenyl)-1-phenylcyclotrisiloxane and tetramethyl-1-[3',5'-bis(trifluoromethyl)phenyl]-1-phenylcyclotrisilox-ane and their polymerization via both AROP and CROP [11] . However, with the enlargement of the application fields, the requirements of polymers' properties have become more crucial such as low temperature resistance. The research and application of copolymers with different R 1 R 2 SiO basic units have been paid many attentions recently. Su Zhengtao investigated the coefficient of cold resistance of (3,3,3-trifluoropropyl) methylsiloxane-dimethyl siloxane copolymer by dynamic mechanical thermal analysis (DMTA) [12] . For the copolymers, the variety of the content of trifluoropropyl groups could influence the properties of polymer and elastomer, and further analyses about the effects are necessary.
In this paper, we synthesized a series of poly(dimethyl-methyltrifluoropropylmethylvinyl)siloxanes (PFMVS) with various contents of trifluoropropyl groups. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to investigate their thermal properties. Then fluorosilicone elastomers based on PFMVSs were prepared, and the thermal stability and solvent resistance of the elastomers were measured. The effects of the change of trifluoropropyl groups on the properties of copolymers were investigated.
Results and discussion

Characterization of PFMVS
The IR spectra of the PFMVSs are shown in Figure 1 . The characteristic vibration of linear Si-O-Si bond around 1010~1080 cm -1 is observed. The absorption peak at 1600 cm -1 indicates the stretching vibrations of vinyl groups in polylsiloxane. The absorption peak at 1260 cm -1 means the symmetric distortion vibration of Si-Me group. The vibration band of 2900~3000 cm -1 proves the existence of -CH 2 -CH 2 -units. The strong absorption peak at 1300~1400 cm -1 indicates the existence of C-F bond [13] , and its intensity increases with the relative content of trifluoropropyl groups. 29 SiNMR was utilized to analyze the microstructure of the copolymers. 29 Si NMR spectra showed a complicated splitting pattern. Table 1 shows the results of 29 Si NMR spectra of PFMVS. The methylvinylsiloxane moiety was hardly observed in the spectrum due to the very small quantity present. It can be concluded that the copolymers are random [17] .
Fig
Tab. 1.
29 Si NMR spectra of PFMVSs. 
Molecular weight and its distribution of PFMVS
The molecular weight of polysiloxane is often measured by intrinsic viscosity investigation and GPC measurement [14] [15] [16] . The intrinsic viscosity shows a strong dependence on molecular weight and spacer length, and reflects indirectly the viscosity-average molecular weight. This is a common method for measuring molecular weight, but viscosity is affected by the interaction of solute/solvent and the temperature. The GPC measurement has small fluctuation, but the values of polysiloxane from GPC are often smaller than predicted values. This might be due to the fact that the polystyrene was used as the polymer standard in the tests, which may lead to errors because of very different natures of two polymers. Two methods were used in our experiments. Because there is no certain conversion formula between the intrinsic viscosiy and the viscosity-average molecular weight of PFMVS, the intrinsic viscosiy is listed in Table 2 only. The GPC curves of PFMVS are shown in Figure 2 , and molecular weight and molecular weight distribution are listed in Table 2 . It can be found from Figure 2 that four GPC curves have similar shapes. The number average molecular weights are higher than 100,000 and the data of molecular weight distribution are lower than 1.7, and which is lower than the typical molecular weight distribution of 2.2 for PDMS equilibrium polymerization [17] .
Thermal degradation of PFMVS
To investigate the thermal stability of PFMVSs with the different contents of trifluoropropyl side groups, we measured their thermal degradations respectively in nitrogen atmosphere by TGA.
Fig. 3. TGA curves of PFMVS and PDMS (in nitrogen atmosphere).
The polydimethylsiloxane (PDMS) in this experiment was prepared by the method in literature [17] . It can be seen from Figure 3 that the apparent weight losses of PFMVSs appear after 200 0 C. The rates of the thermal degradation increase gradually with the temperature rising, and the main thermal degradation of the PFMVSs occur at the range from 500 0 C to 630 0 C. Compared with PDMS, the apparent weight loss of which appears after 450 0 C, the PFMVSs have weaker high temperature stability. Because PFMVSs are more likely to revert to low molecular weight cyclic products, they are more susceptible to homolytic scission of Si-CH 2 CH 2 CF 3 bonds at high temperature, and it results in the produce of other organic compounds [18] .
More information on the weight loss of the samples is given in Table 3 . It can be found from the data in Table 3 that the content of trifluoropropyl groups affects the thermal weight loss of polymers, and the thermal stability was weakened with the increasing of the content of trifluoropropyl side groups. Compared with PDMS, the 5% weight-loss temperatures (T -5% ) and the 10% weight-loss temperatures (T -10% ) of PFMVSs decrease to a great degree, meaning the initial stage of thermal degradation is influenced very obviously by the trifluoropropyl side groups. The changing of side groups lead the onset temperature to lower, and the degradation occurs earlier during the process of temperature rising.
Tab. 3. Temperatures (
0 C) at Different Thermal Weight Loss of Samples.
No. T -5%  T -10%  T -50%  T -90%  1  206  303  533  571  2  211  308  537  579  3  218  375  546  581  4  219  404  547  587  PDMS  273  448  556  594 In order to research the effect of trifluoropropyl groups, we analysed the lowtemperature properties of PFMVSs by DSC. The DSC curves of four samples are shown in Figure 4 , and the related data are listed in Table 4 .
Tab. 4. Glass transition temperature (T g ) and crystallization of PFMVS.
No.
non-crystalline * The data from the literature [21] .
According to test data, it can be found that every PFMVS has only one glass transition temperature (T g ), which means PFMVSs are copolymers. Moreover, the T g of PFMVS increases slightly with the increasing of content of trifluoropropyl groups, and the upper limit of T g is -70 0 C while the content of trifluoropropyl groups reach maximum (100 mol% FVMQ). The phenomenon should be attributed to two factors. On one hand, the polarity and larger steric hindrance of trifluoropropyl side groups decrease the the flexibility of main chain (Si-O-Si), because the adjacent trifluoropropyl groups would be anticipated to electronically repel one another and thereby cause the propyl groups to become rigid, resulting in an increase in T g [22] . On the other hand, the asymmetry of trifluoropropyl-methyl unit (CH 3 )(CF 3 CH 2 CH 2 )SiO also leads to the increase of T g .
The simple structure of molecular chain, the well symmetry, the substituent of less steric hindrance and the better stereo regularity lead to crystallization [23, 24] . So polydimethylsiloxane (PDMS) with lower T g (-123 0 C) is easy to crystallize. When cooled, it stiffens at -60 0 C and its crystalline degree can reach 60%, while volume shrinkage is 7% [25, 26] . From the Figure 4 , it can be deduced that the introduction of trifluoropropyl groups instead of methyl groups is an effective approach to control crystallization. Larger side group broadens the section of molecular chain, and hinders the movement of chain segment. In micro-level, it affects the rates of chain segments' diffusion, transfer and arrangement during crystallization process. PFMVSs 1, 2 and 3 do not appear obvious crystallization peaks, and they are noncrystalline polymers. However, the PFMVS 4 with lesser trifluoropropyl side groups shows another phenomenon that there is a weak crystallization peak and a melting peak appeared on the DSC curve of 4. It could be attributed to the existence of a certain amount of dimethyl chain segment, which will crystallize partly during cooling. So it can be concluded that the introduction of trifluoropropyl side groups could inhibit crystallization of PDMS, and as long as the content of trifluoropropyl groups reaches 20 mole%, the crystallization of PFMVS could be disrupted.
Properties of elastomers
-Thermal Stability of elastomers Considering the introduction of the different side groups on Si atoms of polysiloxanes could influence the thermal stability of the polysiloxane elastomer obtained, thermal properties of elastomers were investigated by TGA. 0 C due to the introduction of trifluoropropyl side groups. Four elastomers show that thermal stability in nitrogen atmosphere decrease slightly with the increasing of content of trifluoropropyl groups. This phenomenon may attribute to the thermal behavior of long side groups, which makes the polymers decompose easily. Figure 6 is the TGA curves of thermal degradation of elastomers in air. In general both scission and crosslinking occur during the heating of elastomers in air, and the fluorosilicone elastomers are also no exception. Therefore, the inflection points appears in curves of Figure 6 . There are two stages during the temperature rising. The earlier stage is oxidation-induced crosslinking of side groups and the later stage is scission of molecular chains thoroughly. It might be expected that fluorosilicones would be more susceptible to oxidative attack than methyl silicones because of their high content of methylene groups, and the higher rate of oxidative crosslinking partly offset the effect of network scission. Thermo-oxidative reactions at these groups could lead to crosslinking in the following way [28] . Compared with methyl-vinyl silicone rubber, the solvent and oil resistance of fluorosilicone rubber is outstanding [7] . We investigated the swelling and solubility of fluorosilicone rubber, and analysed the effect of the content of trifluoropropyl groups on solvent resistance of fluorosilicone rubber. The results are listed in Table 5 and  Table 6 . Tab. 6. The solubility ratios of elastomers 1, 2, 3 and 4 at room temperature.
When a cross-linked polymer contacts with a solvent, the network absorbs a certain amount of solvent, which depends strongly on the temperature, the cross-linking density of the polymer and the polymer/solvent interactions [29] [30] [31] [32] [33] . It can be seen from the data in Table 5 that the swelling ratios of elastomers with lesser content of trifluoropropyl groups in actone are much smaller than that in toluene, and the same samples have the moderate swelling ratios in tetrahydrofuran between those in the toluene and acetone. With the increase of the content of trifluoropropyl groups, which leads to the polarity of the molecular chain to increase, the swelling ratios increase in the polar solvent (tetrahydrofuran and acetone) and decrease in the nonpolar solvent (toluene). This phenomenon can be attributed to the reflection of the "Polarity nearness" regulation in the polymer-solvent system.
From the data of solubility ratios in Table 6 , it can be found that dissolution occurs with the process of swelling, and the phenomenon is more obvious in toluene. The degree of solubility consists with the degree of swelling. It means the process of swelling and the pocess of solubility may interact with each other to a certain degree. Moreover, the solubility ratios in toluene decrease slightly with the increasing of content of trifluoropropyl groups. But in tetrahydrofuran and acetone, the solubility ratios of polymers increase slightly with the increasing of content of trifluoropropyl groups. This suggests that the trifluoropropyl side groups have influence on the crosslinking density of elastomer and the solvent resistance of polymer in different solvents.
The trifluoropropyl groups as substituents effect the interaction between polymer and solvent. It can be found that the introduction of trifluoropropyl groups decreases the degree of swelling and solubility in nonpolar solvent and increase the degree in polar solvent.
Conclusions
PFMVSs were successfully synthesized in high yields through the ring-opening copolymerization of D 3 and 100 mol% FVMQ. They exhibit the less thermal stability than PDMS, which is weakened to a certain degree with the content of trifluoropropyl groups increasing. The properties of fluorosilicone elastomers based on PFMVSs are influenced by the variety of side groups. Compared with general silicone elastomer, the onset temperatures of thermal degradation in nitrogen atmosphere decrease due to the introduction of trifluoropropyl side groups. Thermo-oxidative behavior of fluorosilicone elastomers are complex because of the existence of fluorosilicone side groups. Both scission and crosslinking of the molecular chains occur during the thermal degradation of elastomers in air, and the thermal stability in air relates to this thermooxidative reaction. Substitution of methyl groups with trifluoropropyl groups improves the solvent resistance. Moreover, because the polymer-solvent system is also in accordance with the "Polarity nearness" regulation, the swelling and solubility of elastomers vary in different solvents. The ratios increase in the polar solvent (tetrahydrofuran and acetone) and decreases in the nonpolar solvent (toluene) with the content of trifluoropropyl groups increasing.
Experimental part
Materials
Octamethylcyclotetrasiloxane ( 
Measurements
Infrared (IR) spectra were measured within the 400-3500 cm -1 region on an infrared spectrophotometer (Bruker TENSOR27) with the KBr pellet technique.
1 HNMR and 29 SiNMR spectra were recorded at 25 0 C on a Bruker DPX-300 spectrometer using CDCl 3 as a solvent.
Intrinsic viscosity was measured by Cannon-Ubbelohde dilution-type viscometer with ethyl acetate as solvent at 30 0 C [8] [9] . The molecular weights and distribution of the PFMVSs were determined by gel permeation chromatography (GPC) with tetrahydrofuran as the eluent. Sample detection was performed with a Waters515 refractive-index detector, and the setup was calibrated with eight narrow polystyrene samples from 2200 to 600,000.
Thermogravimetric analysis (TGA) of PFMVSs and elastomers were performed on a TGA/SDTA 851e with a heating rate of 10 0 C /min from 50 0 C to 700 0 C under nitrogen and air atmosphere, respectively.
All differential scanning calorimetry (DSC) measurements were performed on a Pheometric scientific DSC SP instrument. The samples were cooled to -150 0 C firstly, and then were isotropized at -150 0 C for 5 mins to eliminate the temperature difference between surface and interior before warmed to 100 0 C at 10 0 C /min.
The test of solvent resistance for elastomer includes the following steps: elastomers were immersed into three kinds of solvent (toluene, tetrahydrofuran and acetone, respectively) after weighing, and then placed for 24 h at room temperature to obtain equilibrium (Equilibrium values were generally achieved in less than 1 day [34] ).
In order to compare with non-immersion samples, immersed samples were weighed by two methods [35] :
a. Weighing elastomers immediately after removing surface solvent to get the weight after immersion (W i ).
b. Weighing the samples after placed in air for 3h to get the constant weight (W c ).
The swelling ratio was expressed by a fraction W i /W c .
The solubility ratio was expressed by a fraction
where W o is the original weight for non-immersion sample.
Synthesis of PFMVSs
A series of PFMVS were synthesized according to Scheme 2. The feed ratios are listed in Table 6 . All glassware was dried in an oven at 120 0 C for more than 4 h. The polymerizations were performed in thoroughly cleaned and dried reactor according to the formula in Table 7 . First, materials were kept at 40 0 C in vacuum for 0.5 h. Then, after the addition of the tetramethylammonium silanolate (prepared according to the literature [36] ) as catalyst, N 2 was aerated for bubbling instead of stirring. The reaction was keeping at 70 0 C for about 0.5 h, then heated slowly up to 90-100 0 C and stayed for 2.5 h to achieve full equilibrium. A large increase in the viscosity could be observed after a few minutes while the temperature of reactants reached to 90 0 C, and bubbling became more and more difficult. Upon the completion of the reaction, a transparent product was obtained. The decomposition of the catalyst was carried out at 150 0 C for 0.5 h and then the product was heated to 180-200 0 C under vacuum condition (1.33 kPa) for 0.5 h for removal the residual monomers and low-molecularweight polymers [37] . The yield was 85%-90%.
Preparation of the elastomers
The 100 parts of PFMVS 1 was first mixed with 50 parts of surface treated silica, followed by the addition of 1.5 parts of polyvinylsiloxane oil and curing agent 2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (DBPMH). The compounding was carried out on a two roll mixing mill, and the total mixing time was kept for 30 min. Then the compounds were vulcanized at 170 0 C under a pressure of 10 MPa for 20 min, followed by 2 h oven postcure at 180 0 C to prepare the elastomer 1. The elastomers 2, 3, and 4 were prepared respectively with the same curing fomula.
